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Stillinger–Weber~SW!-type potential sets have been developed for Si–O–F and Si–O–Clsystems
based on interatomic potential energy data obtained fromab initio quantum-mechanical
calculations. We have constructed the new potential sets in such a way that the obtained potentials
are supersets of existing well-known SW-type potentials for Si, SiO2 , and Si-halogen systems. Our
aim of the potential development is to perform molecular dynamics~MD! simulations for both
silicon and silicon dioxide etching by F or Cl on the same footing. Presented in this article are
details of the potential derivation and some sample MD simulation results. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1400789#
I. INTRODUCTION
Plasma processing such as reactive ion etching~RIE!
and plasma-enhanced chemical vapor deposition~PECVD!
are widely used in the semiconductor industry. As the dimen-
sions of microelectronic devices diminish, atomic-scale con-
trol of semiconductor manufacturing processes has become
increasingly important. Better understanding of surface reac-
tion dynamics can facilitate the development of such atomic-
scale process control techniques.
Molecular-dynamics~MD! simulation may be used to
study surface reaction dynamics for various processes. For
plasma processing, where relatively high-energy ionic and/or
atomic species are involved, the number of simulation par-
ticles required for realistic simulations can be very large.
Therefore, for MD simulations of plasma–surface interac-
tions, it is not practical to resolve electron dynamics of each
atom using quantum mechanical calculations at every time
step of atomic motion. So we employ classical MD simula-
tion in this work, where interatomic potential functions are
specified in advance.
One of the most important issues regarding classical MD
simulation is how to determine the interatomic potentials. As
to materials used for plasma etching processes, several po-
tential functions have been proposed by various investiga-
tors. Classical multibody potentials for Si and F systems in
the form of a cluster expansion were first developed by Still-
inger and Weber.1,2 Feil et al. extended the same functional
form @i.e., Stillinger–Weber~SW! potential# to Si and Cl
systems.3 These potential functions are designed to repro-
duce some structural and thermodynamical characteristics of
the materials~such as stress and melting temperatures! and
relevant structural chemistry for some selected molecules
composed of these elements. To date many researchers have
performed classical MD simulations using these potentials to
study plasma–surface interactions for Si etching by
halogens.4–11 The obtained simulation results have been in
reasonable agreement with experimental observations. These
simulations have demonstrated their usefulness in a rela-
tively high-energy range~e.g., from a few dozen to a few
hundred eV! appropriate for plasma or beam etching.
To represent lower energy phenomena such as adsorp-
tion and surface diffusion with high accuracy, more precise
potentials may be required. Weakliemet al. and Carter
et al.12–14have modified the original SW potentials for Si–F
systems using interatomic potential data obtained fromab
initio quantum-mechanical calculations to perform MD
simulations of fluorine adsorption on silicon. Their simula-
tion results have indicated that the original SW potentials do
not necessarily describe the reaction paths correctly and
demonstrated the effectiveness of usingab initio data to con-
struct and/or modify interatomic potentials.
Empirically obtained potential functions such as the
original SW potentials are designed to reproduce only rela-
tively stable atomic configurations and, in general, there is
no guarantee that the functions give accurate interatomic po-
tential energy values for all possible atomic configurations.
Such inaccuracy may lead to unrealistic results in MD simu-
lations especially in a low kinetic-energy regime, where
chemical effects dominate atomic interactions. Recently
Hansonet al. have modified the SW potentials for Si–Cl
systems by adding new terms, i.e., an embedding term and a
four-body term based onab initio data15 in order to represent
realistic surface reactions during plasma etching.
The classical potentials described above~including the
original SW potentials! have been used to simulate Si etch-
ing by halogens. For simulation of interactions between sili-
con dioxide and halogens, however, no classical interatomic
potential was previously available. To the best of the authors’
knowledge, prior to our simulations presented in Ref. 11 and
this article, oxide etching simulations were performed only
for pure physical sputtering by Ar atoms.16,17
The interatomic potentials for SiO2 systems have been
proposed by several investigators.18–20Interaction with an Ar
atom may be treated as two-body interaction using, e.g.,
Moliére repulsive pair potential.21 It is relatively easy to in-
corporate a two-body potential with other multibody inter-
atomic potentials. Although classical interatomic potentials
for Si–F, Si–Cl, and Si–O systems were separately devel-
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oped before, development of interatomic potentials for the
combined system requires construction of additional inter-
atomic potential functions. The goal of this work is to
present the derivation of new classical potential sets that can
be used to simulate SiO2 etching by halogen beams or plas-
mas.
In order to simplify the potential development process,
we make use of existing classical potentials for Si–F1,2 and
Si–Cl3 systems. For Si–O systems, we use a SW-type poten-
tial set developed by Watanabeet al.20 Assuming the SW-
type functional forms can be extended to Si–O–F or Si–
O–Cl systems, we have developed potential functions that
are reducible to the previously obtained potentials in the cor-
responding cases. In other words, we employ SW-type po-
tential functions that include the previously obtained SW-
type potentials for Si–F or Si–Cl and Si–O systems as
subsets and determine the remaining unknown parameters by
nonlinearly fitting the functions to interatomic potential en-
ergy data obtained fromab initio quantum-mechanical cal-
culations.
II. DERIVATION OF CLASSICAL POTENTIALS
A. Stillinger–Weber-type potential functions
In this section, we derive SW-type potential functions
for Si–O–Cl and Si–O–Fsystems. Here we consider atomic
interactions only among charge neutral species. Suppose that
the total energy of atomic systems is expressed by the sum-
mation of two- and three-body potentials as
F5(
i , j
v2~ i , j !1 (
i , j ,k
v3~ i , j ,k!. ~1!
Following Stillinger and Weber,1 we assume that the pairlike
interaction v2( i , j ) between theith and jth atoms has the
form
v2~ i , j ![v i j ~r i j !5g~ i , j !Ai j S Bi jr i jpi j 2 1r i jqi j D expS Ci jr i j 2ai j D
if r i j ,ai j , ~2!
andv2( i , j )50 otherwise. Herer i j 5ur j2r i u denotes the dis-
tance between theith andjth atoms located atr i andr j . The
parametersAi j , Bi j , Ci j , pi j , qi j , andai j depend only on
the species~i.e., element types! of ith andjth atoms.~In this
paper, indicesi, j,... , etc., appearing as subscripts or super-
scripts of a quantity indicate that the quantity depends only
on the species of corresponding atoms unless otherwise
specified.! The cut-off distance is denoted byai j . Function
g( i , j ) is designed to reproduce the appropriate valence of
oxygen, which will be discussed in the following subsection.
The system symmetry requires the invariance of parameters
under the exchange of indicesi and j, i.e., g( i , j )5g( j ,i )
Ai j 5Aji ,... , etc.
To assure the symmetry of the potential function, it may
be more convenient to decompose the three-body term
v3( i , j ,k) in Eq. ~1! into three parts
1 as
v3~ i , j ,k![v i jk~r i ,r j ,r k!
5hjik~r i j ,r ik ,u j ik !1hi jk~r j i ,r jk ,u i jk !
1hik j~r ki ,r k j ,u ik j !,
with u j ik being the angle spanned by vectorsr i j [r j2r i and
r ik[r k2r i at vertexr i .
To construct interatomic potentials for Si–O–F ~or Si–
O–Cl! systems, we employ the functional form1 for hjik
given by either







k G , ~3!
or









0 u2a j ik, ~4!
depending on the species ofith atom if r ,ajik
j and s
,ajik
k . Otherwisehjik50. Herel j ik , g j ik





0 , anda j ik are parameters that depends on the species of
( i , j ,k) triplet. The cut-off distances are denoted byajik
j and
ajik
k . The system symmetry requires these parameters to be
invariant under the exchange of the first and third indices of
the subscripts, e.g.,l j ik5lki j , g j ik
j 5gki j
j ,..., et al. We have
modified the original SW function by introducing a new pa-
rametera j ik in order to improve parameter fitting. Equation
~3! is employed if the atom denoted by the second index of
subscripts~i.e., theith atom! is either Cl or F. This function
effectively introduces the single valence of a halogen atom
by shielding attractive forces arising from the two-body po-
tentials. Equation~4! is employed if theith atom is either Si
or O. This potential is designed to restrict configuration num-
bers around theith atom and to reproduce appropriate bond
angles for the covalent binding. Following Ref. 1, we also
use other potential functions for some special cases, as given
in Appendix A.
The potential set for Si–O-halogen systems may be di-
vided into four subsets, i.e., potentials for~a! Si–halogen
systems,~b! Si–O systems,~c! O–halogen systems, and~ !
systems containing Si, O, and halogen atoms. For Si–
FIG. 1. Bond softening functiong(z) given in Eq.~7!.
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halogen systems, we use the original SW potentials devel-
oped by Stillinger and Weber for Si–F systems1,2 and also
the SW potentials by Feil for Si–Cl systems.3 As to the po-
tentials for Si–O systems, we use the SW-type potentials
developed by Watanabeet al.20 For the remaining~c! and~d!
above, we determine the potential set using potential data
obtained fromab initio calculations.
Note that Watanabe t al. did not consider O–O bond
and modeled the O–O interaction only by a repulsive pair
force. Accordingly three-body functionshjik that directly ac-
count for the O–O interaction are also set to be 0, i.e.,
hSiOO5hOOO50. Following Watanabet al., we also employ
the same potential for the O–O interaction and extended it to
Si–O–Cl or Si–O–Fsystems, assuminghClOO5hFOO50,
FIG. 2. Potential energy data for Cl–O systems obtained fromab initio calculations (s, h, andn) and our potential functions~dotted lines!. The atomic
configuration used for the energy calculations is shown above each figure. The arrows (↔) indicate variable parameters~i.e., bond lengths or angles!. In ~d!
both Cl–Cl and Cl–O bond lengths are varied simultaneously. In~e! the selected bond lengths of O–Cl are 1.40 Å (n), 1.7343 Å (s), and 2.00 Å (h).
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for the sake of simplicity. As a consequence, oxygen mol-
ecules O2 cannot be formed as etch products in our MD
simulations. However, we believe this does not significantly
alter etching characteristics that we are interested in since the
attractive interaction between two O atoms is in reality rela-
tively weak compared with other interactions in the Si–O–Cl
or Si–O–Fsystems. A more realistic account for the O–O
bond, i.e., more accurate evaluation ofvOO and the associ-
ated three-body terms, is a subject of future study.
B. Parameter fitting
As we have mentioned earlier, we first make use of pre-
viously obtained SW-type potentials for systems that are sub-
sets of general Si–O–F or Si–O–Clsystems. For the conve-
nience of the reader, we have summarized the parameters of
the potential functions for Si–F, Si–Cl, and Si–O systems in
Appendix A. Interaction with Ar is modeled by theMoliére
potential, as given in Appendix B. To determine the rest of
the parameters, we performedab initio quantum-mechanical
calculations based on a density-functional method using
‘‘Gaussian.’’22 @The employed model chemistry is B3LYP-6-
311G~d,p!.# The obtained potential energy data for various
atomic configurations are used to determine the interatomic
potential functions. Under the adiabatic assumption for elec-
tron dynamics, derivatives of such interatomic potential
functions with respect to nucleus positions give interatomic
forces.
Based on the potential energy data, we determine the
potential-function parameters, using the Levenberg–
Marquardt’s nonlinear fitting.23 In this subsection we present
how we have determined the fitting parameters for Si–O–Cl
systems. A similar fitting method have been used for Si–O–F
systems. We take the following three steps:~1! Determina-
tion of the O–Cl two-body interaction~i.e., vClO), ~2! deter-
mination of the three-body interactions for Cl and O~i.e.,
hClClO , hClOCl , andhOClO!, and ~3! determination of the Si,
O, and Cl three-body interaction~i.e., hSiClO, hClSiO, and
hSiOCl!. As mentioned before,hSiOO, hClOO, and hOOO are
assumed to be 0. In what follows, the physical quantities are
all nondimensionalized. The employed energy and length
units are 50.0 kcal/mol~52.17 eV! and 2.0951 Å.
1. Two-body potentials
First let us consider the O–Cl two-body potential. As in
the case of Si–O systems, the O–Cl binding energy depends
on the coordination number~i.e., the number of atoms
present in the neighborhood! of the O atom since the valence
for covalent binding of oxygen is 2. If there are more than
two atoms around an O atom, the bond strengths of the O
atom with these surrounding atoms are significantly reduced.
To reproduce the valence of oxygen effectively, Watanabe
et al. employed the bond-softening functiong( i , j ),20 which
takes values less than unity@and thus reduces the absolute
value of potential functionv( i , j )# if either theith or jth atom
is oxygen and there are more than two atoms in the neigh-
borhood of the oxygen atom.
To give the definition ofg( i , j ) more precisely, we first
define the ‘‘coordination number’’ functionz( i ) of the ith
atom by
z~ i !5 (
l (Þ i )
f c
il ~r il !, ~5!
wheref c
i j is the cut-off function and the sum is taken over all
atoms except for theith atom. Functionf c
i j is defined by
f c
i j ~r !55
1 ~r ,Ri j 2Di j !,
12
r 2Ri j 1Di j
2Di j
1
sin$p~r 2Ri j 1Di j !/Di j %
2p
~Ri j 2Di j <r ,Ri j 1Di j !,
0 ~r>Ri j 1Di j !.
~6!
Here Ri j and Di j (Ri j >Di j >0) are parameters satisfying
Ri j 5Rji andDi j 5D ji . Clearly the functionz( i ) represents a
‘‘measure’’ of the number of atoms present in the neighbor-
hood in theith atom. Indeed ifDi j 50 andRi j 5R ~indepen-
dent of j ), thenz( i ) is equal to the total number of atoms
present within the distanceR from the ith atom. Parameter
Ri j essentially represents the scale length of attractive inter-
action between theith and jth atoms andDi j is a length
parameter introduced to make the functionf c(z) continu-
ously differentiable aroundz5Ri j .
In what follows, we consider the effects of valence only
for oxygen. In other words, we usez( i ) only when theith
atom is oxygen. As mentioned in the preceding subsection,
we have assumed for the sake of simplicity that there is no
attraction between two O atoms. We now also assume that
the presence of oxygen atoms in the neighborhood of an
oxygen atom does not reduce the valence of the latter oxy-
TABLE I. Parameters of the interatomic potential functions for Cl–O and
F–O systems.
Si–O–Cl Si–O–F
vClO AClO 71.0 vFO AFO 142.5
@Eq. ~2!# BClO 0.471 ~Eq. 2! BFO 0.2772
CClO 3.55 CFO 4.111
pClO 3.13 pFO 3.0
qClO 1.53 qFO 1.0
aClO 1.8 aFO 1.6
RClO 1.0 RFO 0.9
DClO 0.1 DFO 0.1
hClClO lClClO 1170 hFFO lFFO 1.135310
6
@Eq. ~3!# gClClO











hClOCl lClOCl 78.3 hFOF lFOF 4720
@Eq. ~4!# gClOCl








aClOCl 1.0 aFOF 1.285
hOClO lOClO 1.66310
5 hOFO lOFO 3.092310
4
@Eq. ~3!# gOClO
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gen. Therefore, in estimating the coordination number of an
oxygen, we count only nonoxygen atoms, which is equiva-
lent to taking the sum for all atoms except for oxygen in Eq.
~5! or settingROO5DOO50 in Eq. ~6!.






to defineg( i , j ), which is shown in Fig. 1. We setg( i , j )
5g(z(i)) if the ith atom is oxygen and thejth atom is not
oxygen;g( i , j )5g(z( j )) if the jth atom is oxygen and theith
atom is not oxygen;g( i , j )51 otherwise~including the case
where both theith andjth atoms are oxygen!. This definition
satisfies the conditiong( i , j )5g( j ,i ). Note thatg( i , j ) de-
pends not only on theith and jth atoms but also all other
atoms in the neighborhood. In this sensev2( i , j ) in Eq. ~2! is
not a true two-body potential but includes effects of multi-
body interactions.
In order to determine the fitting parameters forvOCl , we
calculated the total potential energy for the -O–Cl cluster
~i.e., O–Cl cluster with a dangling bond, i.e., the spin mul-
tiplicity being 2S1152! by varying the O–Cl bond length,
as shown in Fig. 2~a!. In this figure, the total potential energy
obtained fromab initio calculations is indicated by empty
circles. We adjusted the value ofAOCl to better represent the
known experimental value of binding energy 2.09 eV for the
O–Cl bond of OCl2 molecule ~which is slightly different
from the O–Cl binding energy of -O–Cl cluster!. The deter-
mined parameters for O–Cl are summarized in Table I. The
obtained pair functionvClO(r ) with the coordination number
zO52 are given as dashed curves in Fig. 2~a!.
FIG. 3. Potential energy data for Si–O–Clsystems obtained fromab initio calculations and our potential functions. The symbols are the same as those used
in Fig. 2. In~c! the selected bond lengths are 1.70 Å (n), 2.0658 Å (s), and 2.30 Å (h) for Si–Cl and 1.30 Å (n), 1.659 Å (s), and 1.90 Å (h) for Si–O.
In ~d! the selected bond lengths are 1.4094 Å (n), 1.7094 Å (s), and 2.0094 Å (h) for O–Si and 1.4266 Å (n), 1.7266 Å (s), and 2.0266 Å (h) for
O–Cl.
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2. Three-body potentials for two different species
Second we determine the three-body interactions for
clusters among Cl and O atoms, i.e., the parameters for
hClClO , hClOCl , and hOClO. The total potential energy data
were obtained for clusters Cl2OH and Cl2O from ab initio
calculations as functions of some bond lengths and bond
angles, as plotted in Fig. 2.~Hydrogen atoms are used to
terminate extra bonds.! In Fig. 2~b!, the total potential energy
is plotted by empty circles as a function of the distance be-
tween a single Cl atom and the Cl atom of ClOH with the
bond angleuClClO5180°. The ClOH cluster configuration is
fixed when the Cl–Cl bond length is varied, i.e., the bond
lengths for Cl–O and O–H arer ClO51.7269 Å andr OH
50.9723 Å, and the bond angle around O isuClOH
5103.3488°.
Similarly, in Fig. 2~c!, the total energy is plotted by
empty circles as a function of the distance between a Cl atom
of Cl2 molecule and the oxygen of an OH cluster with
uClClO5180°, uClOH5103.3488°,r ClCl52.045 Å ~which is
close to the bond length of most stable Cl2), and r OH
50.9723 Å. In Fig. 2~d! the distance between two Cl atoms
and that between Cl–O are taken to be the same and varied
simultaneously. The fixed parameters areuClClO5180°,
uClOH5103.3488°,andr OH50.9723 Å as in Fig. 2~b!. The
bond angle at O for OCl2 are varied in Fig. 2~e! with both
Cl–O bond lengths being 1.40 Å~empty triangles!, 1.7343 Å
~empty circles!, and 2.00 Å~empty squares!. The parameters
for hClClO @given by Eq.~3!# andhClOCl @given by Eq.~4!# are
determined simultaneously by fitting the potential functions
to the data given in Figs. 2~b!–2~e!.
Similarly the parameters forhOClO are obtained fromab
initio data for Cl~OH!2 as shown in Fig. 2~f!, where the
distance between O of an OH cluster and Cl was varied. Here
the fixed parameters of the ‘‘separated’’ OH cluster are
uHOCl5103.3488° andr OH50.9723 Å. The other fixed pa-
rameters areuOClO5180°, uClOH5103.3488°,r OCl51.7269
Å, andr OH50.9723 Å for the ClOH cluster. All the atoms in
H–O–Cl–O–H are on asingle plane and both hydrogen at-
oms are on the same side against the straight O–Cl–O axis,
as shown in Fig. 2~f!. The obtained parameters are given in
Table I. The total potential energy calculated from the ob-
tained potential functionsv2( i , j ) and v3( i , j ,k) are shown
by dashed curves in Fig. 2.
In Fig. 2~a!–2~d! and 2~f!, we take zero energy to be the
system energy when the bond length in question is infinity.
In a figure where the total potential energy is plotted against
a bond angle@such as Fig. 2~e!#, the zero energy is taken to
be the minimum of the plotted energy. In all energy figures
presented in this paper, we follow this convention regarding
the zero energy level.
3. Three-body potentials for three different species
Finally the three-body potentials for Si, O, and Cl atoms,
i.e., the parameters inhSiClO, hClSiO, andhSiOCl, are deter-
mined. Potential energy data obtained fromab initio calcu-
lations for SiH3–Cl–OH, Cl–SiH2–OH, and Cl–O–SiH3
clusters are plotted in Fig. 3. In Fig. 3~a!, the total potential
energy is plotted by empty circles as a function of the Si–Cl
bond length for SiH3–Cl–OH. Here one of the H atoms of
SiH4 with r SiH51.4798 Å is replaced by ClOH@whose
atomic configuration is the same as that in Fig. 2~f!#, where
uHSiH5uHSiCl5109.471 22°@5cos
21(21/3)#, and uSiClO
5180°. One of the H atoms of SiH3 , Si, and Cl–O–Hspan
a single plane and these two H atoms are on the same side
against the straight Si–Cl–O axis.
In Fig. 3~b! the total energy is plotted as a function of the
Cl–O bond length for a cluster similar to that in Fig. 3~a!.
Here the Si–Cl bond length is taken to be 2.0829 Å. The
other parameters in Fig. 3~b! is the same as those in Fig. 3~a!.
The configuration of SiClH3 used here is close to its most
stable configuration.
In Fig. 3~c!, the Si–H and O–H bond lengths are taken
to be r SiH51.48 Å and r OH50.9636 Å with bond angles
@uHSiH 5uHSiO5uHSiCl5109.471 22°(5cos
21(21/3))# and
uSiOH5103.3488°. The total energy is plotted as a function
of bond angleuClSiO for the following three cases:r SiCl
51.70 Å andr SiO51.30 Å ~empty triangles!, r SiCl52.0658
Å and r SiO51.659 Å ~empty circles!, andr SiCl52.30 Å and
r SiO51.90 Å ~empty squares!. As shown in the figure, H~left-
bottom!–Si–O–H~top! atoms span a single plane, which is
perpendicular to the plane formed by Cl–Si–H~right bottom!
atoms.
In Fig. 3~d! one of the H atoms of SiH4 is replaced by
the O atom of an OCl cluster@r SiH51.48 Å and uHSiH
5uHSiO5109.471 22°(5cos
21(21/3))# and the total energy
is plotted as a function of bond angleuClOSi for three cases:
r ClO51.4266 Å andr SiO51.4094 Å ~empty triangles!, r ClO
51.7266 Å andr SiO51.7094 Å ~empty circles!, and r ClO
52.0266 Å andr SiO52.0094 Å~empty squares!. The atomic
configuration used for the energy calculation is such that
Cl–O–Si and one of the Hatoms form a single plane.
The obtained fitting parameters are summarized in Table
II. The potential energy calculated from the obtained poten-
TABLE II. Parameters of the three-body interatomic potential functions for
Si–O–Cl and Si–O–Fsystems.
Si–O–Cl Si–O–F
hSiClO lSiClO 214 hSiFO lSiFO 1070
@Eq. ~3!# gSiClO











hClSiO lClSiO 33.5 hFSiO lFSiO 3.13
@Eq. ~4!# gClSiO














aClSiO 2.31 aFSiO 3.15
hSiOCl lSiOCl 10.3 hSiOF lSiOF 47.8
@Eq. ~4!# gSiOCl














aSiOCl 1.05 aSiOF 1.18
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tial functions are plotted as dashed curves in Fig. 3. While
the agreement between theab initio data and fitting curves
are good for most cases, we see some discrepancies in Fig.
3~c! and 3~d!, especially when the bond length is larger than
the most stable length. The nonlinear fitting we had em-
ployed was biased toward more stable states, so that the fit-
ting parameters were selected to obtain the best fit near the
energy minimum. Since the discrepancy appears only when
the bond lengths are much larger than the optimal lengths
~and therefore, the system is less stable!, we expect that the
discrepancy does not significantly alter the dynamics of mol-
ecules under our simulation conditions~i.e., etching by rela-
tively high–energy beams!. To some extent such discrepancy
is unavoidable as we assume some particular functional
forms such as those given by Eqs.~2!–~4! to reduce the
number of free parameters to a manageable level.
A similar fitting method was used to determine the inter-
atomic potential parameters for Si–O–F systems, as shown
FIG. 4. Potential energy data for F–O systems obtained fromab initio
calculations and our potential functions. The symbols are the same as those
used in Fig. 2. In~b!, r FO51.4399 Å,r OH50.9755 Å,uFOH598.2417°, and
uFFO5180°. In~c!, the atomic configuration is the same as that in~b! except
r FF51.4108 Å andr FO being the variable parameter. In~d! r OF51.20 Å
(n), 1.4128 Å (s), and 1.60 Å (h). In ~e!, the FOH cluster is the same as
that in ~b! andr OH50.9755 Å for the left OH cluster withuOFO5180°. All
atoms are on a single plane with the two H atoms being on the same side
against theO–F–Oaxis.
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in Figs. 4 and 5. The obtained parameters are also summa-
rized in Tables I and II. The total potential energy calculated
from the obtained potential functionsv2( i , j ) and v3( i , j ,k)
are given by dashed curves in Figs. 4 and 5. The binding
energies and bond lengths are also calculated from the ob-
tained potential sets, which are given in the Table III. Here
the binding energy and bond length are defined as the energy
and position of the energy minimum of the corresponding
two–body potential.
III. SAMPLE SIMULATIONS
Some MD simulations based on the new potential sets
are presented in this section. In the simulations, target atoms
are placed in a simulation cell with periodic boundary con-
ditions in the horizontal directions. The target surface is a
square of side length 21.7 Å~the area is 472 Å2) with a
monolayer initially including 32 Si atoms for the silicon tar-
get and 32 Si and 64 O atoms for the oxide target. Initially
the target materials contain 16 monolayers~i.e., 512 Si at-
oms! for the Si target and 12 monolayers~i.e., 384 Si atoms
and 768 O atoms, totaling 1152 atoms! for the oxide target,
FIG. 5. Potential energy data for Si–O–Fsystems obtained fromab initio calculations and our potential functions. The symbols are the same as those used
in Fig. 2 and the atomic configurations are similar to those in the corresponding figures in Fig. 3. In~a! a d ~b!, r SiH51.48 Å, r OH50.9755 Å, r OF
51.4399 Å,r SiF51.6318 Å,uSiFO5180°, anduFOH598.2417°. In~c!, r SiH51.48 Å, r OH50.9636 Å, anduSiOH5119.9428. The selected bond lengths are
r SiF51.42 Å (n), 1.6277 Å (s), 1.82 Å (h), andr SiO51.45 Å (n), 1.6527 Å (s), 1.85 Å (h). In ~d!, r SiH51.48 Å, and the selected bond lengths are
r OSi51.52 Å (n), 1.7232 Å (s), 1.92 Å (h), andr OF51.26 Å (n), 1.4608 Å (s), 1.66 Å (h).
TABLE III. Binding energies and bond lengths.
Binding energy
~eV! ~kcal/mol! Bond length~Å!
Si–Si 2.17 50.0 2.35
Si–O 4.14 95.4 1.61
Si–Cl 3.96 91.2 2.06
Cl–Cl 2.47 56.9 1.96
Cl–O 2.09 48.2 1.62
Si–F 5.72 132 1.60
F–F 1.66 38.3 1.43
F–O 2.18 50.2 1.36
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the depths of which are 21 Å for Si and 32 Å for SiO2 . The
initial target temperature is 300 °K and the atoms in the bot-
tom layer are rigidly fixed to prevent the drift of the entire
simulation cell.
Energetic atoms are injected from randomly selected
horizontal locations just above the target in the direction nor-
mal to the surface. It is sometimes more convenient to mea-
sure the dose of impinging particles in units of monolayer
~ML !, with 1 ML corresponding to 32 impinging particles in
both Si and oxide cases in our simulation. Since energetic
ions impinging on the surface are expected to be neutralized
near the target surface due to an Auger emission process, we
FIG. 6. Typical surface structures during Cl beam etching. Large white spheres are Si atoms, small gray spheres are O atoms, and big black spheres are Cl
atoms. The beam is normal to the target surface and the impact energy is 50, 100, and 150 eV from left to right. The simulation surface size is 21.7 Å321.7
Å.
FIG. 7. Typical surface structures during F beam etching. Large white spheres are Si atoms, small gray spheres are O atoms, and small black
spheres are F atoms. The beam is normal to the target surface and the impact energy is 50, 100, and 150 eV from left to right. The simulation surface size is
21.7 Å321.7 Å.
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only consider charge-neutral atoms as injected species. It is
also assumed that the target surface is kept charge-neutral
during the process.
After injection of each atom, we let the system evolve
for 0.7 ps under the constant total-energy conditions. Most
transient processes such as rapid release of the kinetic energy
of injected atom to the target occur during this period. We
then artificially cool the entire system~by decreasing the
velocities of all atoms! for 0.3 ps to reduce the target tem-
perature to the initial temperature~i.e., 300 °K! in order to
prevent the system from being unrealistically heated up. The
bombardment process by a single energetic particle is re-
peated about 1000 times~i.e., about 31 ML! to increase sta-
tistics for the measurement of macroscopic parameters such
as sputtering yields.
First we discuss simulation results of Si–SiO2 selective
etching by halogens beams.11 Figures 6 and 7 show typical
surface morphologies of an SiO2 target during Cl and F
mono-energetic beam etching. These figures are obtained af-
ter 10 ML atomic bombardment of the clean targets in simu-
l tions. The impact energy is 50, 100, and 150 eV from left
to right. As shown in these figures, the halogenated layer
becomes thicker as the impact energy increases. Also the
halogenated layer is thicker for F injection than for Cl injec-
tion with the same impact energy. For example, in the case of
the 50 eV Cl beam, most Cl atoms are adsorbed only on the
top surface of the oxide target, as shown in Fig. 6, whereas F
atoms penetrate deeper into the oxide target with the same
impact energy, as shown in Fig. 7. This is because the Si–F
bond is stronger than the Si–Cl bond and the atomic size of
F is smaller than that of Cl. For more details, the reader is
referred to Ref. 11.
Second, let us consider Si etching in an oxygen atmo-
sphere. In some Si–SiO2 selective etching by Cl, oxygen is
added to chlorine plasmas to removes hydrocarbon frag-
ments sputtered from the photoresist.24 ~Such hydrocarbon
fragments increase the SiO2 etch rate and thus reduce
Si–SiO2 etch selectivity.! However, added O atoms can also
FIG. 8. Typical surface structures of silicon target during 100 eV Cl beam etching in an oxygen atmosphere after about 10 ML Cl injections. Large white
spheres are Si atoms, small gray spheres are O atoms, and big black spheres are Cl atoms. The simulation surface size is 21.7 Å321.7 Å ~a! 20 oxygen atoms
with low energy~1 eV! are supplied to the surface vertically before each Cl impact.~b! 100 eV O and Cl atoms vertically impinge upon the surface in an
alternating manner.
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significantly reduce the Si etch rate if surface oxidation be-
comes too high. Typical Si surfaces obtained from MD simu-
lations under such conditions are shown in Fig. 8. In the
simulations, 20 oxygen atoms are injected to the Si surface at
random positions in the normal direction with sufficiently
low energy~1 eV! before each 100 eV Cl injection. We ob-
serve in Fig. 8~a! that low–energy oxygen atoms, which
would be adsorbed just on the Si surface without the Cl beam
injection, formed a relatively deep chlorinated layer due to
TABLE IV. Parameters of the two-body potentials for Si–O systems ob-
tained by Stillinger and Weber~for the Si–Si pair! ~Ref. 1! and by Watanabe
et al. ~for Si–O and O–O pairs! ~Ref. 20!.
Si–O–Cl and Si–O–F
vSiSi ASiSi 7.049 556 277





vSiO ASiO 115.364 065 913







vOO AOO 212.292 427 744





TABLE V. Parameters of the three-body potentials for Si–O systems ob-
tained by Watanabet al. ~Ref. 20!. Note that the parameters for the Si–













































TABLE VI. Parameters of the two-body potentials for Si–Cl~Refs. 1 and 2!
and Si–F~Ref. 3! systems.
Si–O–Cl Si–O–F
vSiCl ASiCl 28.0 vSiF ASiF 21.234 141 38
@Eq. ~2!# BSiCl 0.67 @Eq. ~2!# BSiF 0.569 547 643 3
CSiCl 1.3 CSiF 1.3
pSiCl 2.2 pSiF 3
qSiCl 0.9 qSiF 2
aSiCl 1.8 aSiF 1.8
vClCl AClCl 8.611 vFF AFF 0.522 76
@Eq. ~2!# BClCl 0.789 @Eq. ~2!# BFF 0.112 771
CClCl 0.5795 CFF 0.579 495
pClCl 6 pFF 8
qClCl 5 qFF 4
aClCl 2.0862 aFF 2.086 182
TABLE VII. Parameters of the three-body potentials obtained by Stillinger
and Weber for Si–Cl systems~Refs. 1 and 2! and by Feilet al. for Si–F
systems~Ref. 3!.
Si–O–Cl Si–O–F
hSiClCl lSiClCl 15 hSiFF lSiFF 3.5
@Eq. ~3!# gSiClCl











hSiClSi lSiClSi 50 hSiFSi lSiFSi 50
@Eq. ~3!# gSiClSi





hSiSiCl lSiSiCl 15 hSiSiF lSiSiF 15
@Eq. ~4!# gSiSiCl





















ahClSiCl(r ,s,u) 5 @30(cosu2cos 103°)
220.5#exp@1/(r 21.8)1 1/ (s21.8)#
bhFSiF(r ,s,u) 5 @ 24 ( cosu2cos 103°)
223.2# exp@1(r21.8)1 1/ (s21.8)#
chClClCl(r ,s,u)53(rs)
22.056exp@0.5795/(r 22.0862)10.5795/(s22.0862)#
123.778 ( 2.02cos2 u ) exp@1.7386/ (r 21.6226)1 1.7386/ (s21.6226)#
dhFFF(r ,s,u)50.0818182(rs)
24 exp@0.579 495/(r 22.086 182)10.579 495/
(s 22.086 182 ) ]1 19.1475( 2.02cos2 u )exp@1.738 485 / (r 21.622 586)
1 1.738 485/(s21.622 586)#.
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mixing caused by energetic Cl impacts. The Si sputtering
yield ~i.e., the number of Si atoms removed from the target
per Cl impact! estimated by the simulations~averaged over
10–15 ML Cl impacts! is 0.10 per Cl impact. This is close to
the Si sputtering yield of a SiO2 surface by 100 eV pure Cl
injection (.0.11, as given in Ref. 11!, rather than that of the
same silicon surface by 100 eV pure Cl injection (.0.4611!.
Shown in Fig. 8~b! is a typical Si surface upon which
100 eV O and Cl atoms impinge alternately. Despite the high
oxygen impinging energy, the resulting surface structure is
similar to that shown in Fig. 8~a! after sufficient Cl and O
fluence. The obtained Si sputtering yield~per Cl impact! is
0.16, which is again close to the Si sputtering yield of SiO2
surface by 100 eV pure Cl injection. We have also performed
MD simulations of SiO2 etching by 100 eV Cl injection in an
oxygen atmosphere, similar to those given in Fig. 8. It is
found that oxide etch rates are not much influenced by the
presence of extra oxygen.
IV. SUMMARY
We have derived classical interatomic potential sets for
Si–O–Cl and Si–O–Fsystems that are suitable for MD
simulation study for plasma–surface interactions during Si
and SiO2 plasma or beam etching processes by halogens~Cl
or F!. The new results are summarized in Tables I and II. We
have also presented some MD simulation results for Si–SiO2
selective beam etching and Si etching by a Cl beam in an
oxygen atmosphere. Details of MD simulations for the
former have been given in Ref. 11. As demonstrated in our
simulations as well as earlier simulation results by various
authors, atomic–scale MD simulation is a useful technique
that helps us understand surface reaction dynamics during
plasma processing.
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APPENDIX A
In Tables IV–VII , parameters of the previously obtained
potential functions for Si–F, Si–Cl, and Si–O systems are
summarized for the convenience of the reader.
APPENDIX B











and a0(55.291 772 49310
211) being Forsov screening
length and Bohr radius. HereZ1 andZ2 are the atomic num-
bers. To simplify the coding, we fit Eq.~2! to the Moliére
potential and used the obtained ‘‘pseudo’’-Molie´re to de-
scribe interaction between Ar and other atoms. The fitting
parameters are shown in Table VIII.
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